Introduction Why Asteroid Mineral Resources Matter
The long-term goal of the United States space program is establishing a human presence on Mars. This goal has been remarkably stable for decades, unfazed by changes in administration, geopolitical situations, economic conditions, and trends in public opinion. One can debate the merit of this goal, but it is a remarkably consistent aspect of our Nation's space policy.
Several major challenges must be overcome before there are human bootprints on Mars. The most problematic obstacle may be the price tag-a large fraction of which is in hauling material out of Earth's gravity well. Obtaining key resources (for example, water and metals) in the space between Earth and Mars could dramatically reduce the costs of a trip to Mars. The obvious way to obtain such resources is to mine near-Earth objects (NEOs). Such mining may be essential to sustaining a human presence beyond Earth's orbit.
Before a prudent mission architecture can rely on resources obtained in space, an unbiased, quantitative, and reliable assessment of those resources is needed. Creating such an assessment is the Congressionally mandated responsibility of the U.S. Geological Survey (USGS). The "Organic Act" of 1879 established the USGS with a few specific obligations, including "the classification of public lands and examination of the geologic structure, mineral resources, and products…" In 1962, Congress extended those examinations to "beyond the borders of the United States." In 2015, USGS management recognized that this applies to space, and especially to asteroids. At this time Congress has not provided funding specifically to assess asteroid resources. Nevertheless, the USGS Mineral Resources Program has decided it is prudent to fund a small feasibility study to examine if existing terrestrial methods can be applied to asteroids. This report details the steps taken as part of that study and its final results.
When it comes to asteroid mining, platinum and other rare metals have garnered the most public attention-with published reports suggesting that asteroids will provide trillions of dollars in return for the investment in asteroid mining infrastructure (Ostro and others, 1991; Gerlach, 2005) . The methods we used in this study could be applied to platinum, but we have chosen to focus on two more practical resources: water and native metal (iron-nickel alloy). Water from asteroids has the potential to dramatically reduce the cost of long-term human presence beyond Earth's orbit as a source of drinking water, radiation shielding, oxygen to breathe, and rocket fuel (Gerlach, 2005; Lewis, 2014) . Iron-nickel alloy from asteroids could be directly used in space structures; 3D printing of complex parts from such materials has been demonstrated and should be possible in space. However, we emphasize that the objective of this study was not to complete a proper assessment of any asteroid resource, but instead to test the feasibility of doing such resource assessments in the future.
How USGS Conducts Quantitative Resource Assessments
The methodology used by the USGS is geared to produce unbiased and reliable results in a format readily understood by decisionmakers who are not technical experts in the field (for example, Singer, 2007) . The methodology is often called the "three-part" model because it uses three separate quantitative models that are combined using numerical methods to produce the statistics for the final assessment ( fig. 1 ). For each resource, a prerequisite for quantitative assessments is the development of qualitative "descriptive models" of each geologic setting in which the resource can be found. This is a description of the association among the resource, the geologic processes that form deposits of that resource and the rock assemblages that contain those deposits. For mineral assessments on Earth, the descriptive models are recorded in a standardized form to ensure consistent information content. This form includes key scientific references, type localities, geologic context, and typical alteration and weathering.
The first of the three quantitative models is the "spatial model," which delineates tracts that contain the geologic setting described in the descriptive model. In other words, the spatial model is a map of the areas where the geology permits the existence of deposits of the resource (Singer, 2007) . Thus, this model is not an attempt to map the resource deposits themselves. The spatial model can exclude areas inaccessible owing to technical, political, or legal reasons. A wide variety of relevant data, including information on known deposits, geochemistry of samples, geophysical surveys, geologic mapping, and remote sensing can be used in creating this model. The spatial variability in the quality of the data is also considered.
The second quantitative model is the "grade-tonnage model" for each geologic setting. "Grade" is the concentration (or quality) of the resource and "tonnage" is the mass (or quantity) of the deposit. These models are usually expressed mathematically as multivariate probability density functions for the resource concentrations and ore tonnages of the deposits in the assessment area. These functions are usually visualized in two plots: (1) a size-frequency distribution and (2) a quality-frequency distribution of the deposits. These models usually rely on previous in-depth investigations of localities analogous to the assessment area. The distributions are fit with a statistical model using a series of tests to ensure that the model correctly represents the typical highly skewed size distributions. This graphical analysis can also reveal if there are multiple populations of deposits. In such a circumstance, it is necessary to distinguish the geologic settings of the different populations and develop new descriptive and spatial models for each.
The third quantitative model is the "deposit-density model," which provides an estimate of the expected number of deposits per unit area. This estimate is usually determined by examining a statistically meaningful number of localities in sufficient detail that the number of deposits in these areas is known with some certainty. Such studies take advantage of a wide variety of geologic and geophysical datasets, creating deep understanding that can be described as "geologic intuition" of the problem. Mathematically, this understanding is expressed as a probability mass function for the number of deposits per unit area, which can be calculated in conjunction with the development of grade-tonnage models. Again, there are a number of statistical tests to identify when multiple populations are being mixed and to provide a robust description of the uncertainty in the deposit-density estimates.
The deposit-density and grade-tonnage models are first statistically combined to calculate the expected size and quality distribution of deposits per unit area at various confidence levels (typically 10, 50, and 90 percent). Monte Carlo methods are the most commonly used statistical method because of their flexibility and mathematical simplicity. Then, an economic model that describes the cost to set up an extraction operation and then operate it can be applied. Even a simple parametric model can be sufficient to indicate whether the expected deposits are worth extracting. After combining with the areas identified in the spatial model, the final outputs are (1) the minimum number, size, and quality of economically viable deposits at various confidence levels and (2) a map of where these deposits may exist. 
Descriptive Model for Asteroids
The first part of an assessment is to describe the geologic settings in which concentrations of the relevant resource can be found. Each geologic setting on Earth has a characteristic mineral assemblage. For asteroids, this emphasis on petrology is similar to meteorite classes. To link meteorites to asteroids, we rely on the Small Main-belt Asteroid Spectroscopic Survey (SMASS) taxonomy (Binzel and others, 2004) . For this feasibility study, we simplify the problem by only considering the three main spectral categories (C, S, and X). We further simplify matters by equating C asteroids with carbonaceous chondrites, X asteroids with iron meteorites and pallasites, and S asteroids with all other meteorites (which are mostly stony). This simple translation from spectral data to meteorite type is a gross oversimplification that ignores many important categories of asteroid spectra and types of meteorites. In fact, we are aware of a few cases where this oversimplification associates an asteroid with the wrong type of meteorite. However, it is sufficient to demonstrate the general approach that could be used in a real assessment of asteroid resources. Some key steps needed to provide more reliable input to an assessment are discussed at the end of this report.
Spatial Model for Asteroids
The first quantitative model, the spatial model, describes where ore bodies can be found within boundaries set by political and technical limits. In our case, each asteroid can be thought of as an ore body. We limit this initial analysis to NEOs based on change in velocity (Δv), a measure of the effort needed to move between two objects (or orbits) in space. We limit our analysis to objects that can be reached from low Earth orbit with a Δv of ≤7 kilometers per second (km/s), which includes most objects between Earth and Mars, but excludes the main-belt asteroids. The objects and their orbital parameters are taken from the Minor Planet Center database (minorplanetcenter.net) and Δv is calculated using the methods of Shoemaker and Helin (1978) . We prefer to analyze NEOs, with their slightly more generic definition than near-Earth asteroids (NEA), because they can include remnants of comets.
Deposit-Density Model for Near-Earth Objects
The second model, the deposit-density quantitative model, is used to determine how many deposits (that is, asteroids) are in the study area. This part of the assessment takes advantage of activities driven by the George E. Brown, Jr. Near-Earth Object Survey Act of 2005 that requires the National Aeronautics and Space Administration (NASA) to identify ≥90 percent of potentially hazardous NEAs greater than 140 meters in diameter. The catalog of NEAs with diameters greater than 1 km is now 90-95 percent complete, but there are differing estimates on how many smaller bodies remain undiscovered (for example, Mainzer and others, 2011; Stuart and Binzel, 2004) . However, because more than 99 percent of the volume of NEAs is in objects ≥1 km in diameter ( fig. 2 ), we are able to ignore the smaller asteroids for this initial assessment. 
Grade-Tonnage Model for Near-Earth Objects
For NEOs, we divide the third quantitative model into its two components. The "tonnage" part describes the size distribution of deposits (that is, asteroids). Whereas there are some questions about the size distribution of the smaller bodies, the ≥1 km diameter objects are well characterized ( fig. 2 ). However, there are significant uncertainties in the mass represented by these bodies, especially because the densities of asteroids are highly variable and difficult to estimate (Chesley and others, 2002) .
The final quantitative model we use describes the probability distribution of the quality (that is, grade) of the deposit. Resource quality is primarily governed by the concentration of the resource, but is also secondarily affected by how the resource is bound in the rock. Native iron-nickel alloys make up nearly all of metallic asteroids and as much as 25 percent of carbonaceous chondrites. The primary source of uncertainty is that only 5-20 percent of the asteroids in the X spectral group are actually metallic (Thomas and others, 2011) .
For water, we do not expect pure water ice to be found on NEOs in any meaningful concentration. Instead, we focus on hydrated minerals. Whereas some primitive carbonaceous chondrites have more than 20 percent by weight bound water, most have been heated sufficiently to contain only a few percent water (Mason, 1963) . Furthermore, the concentration can vary significantly with depth if an asteroid has been heated for a geologically short time. Because of processes that affect meteorites as they pass through the Earth's atmosphere and while they sit on the Earth's surface, there may be a sample bias against the most primitive chondritic bodies in the meteorite collection. In other words, there are significant issues, and thus large uncertainties, in estimating the water content of carbonaceous asteroids from samples in the meteorite collection.
Modeling
The final step is to combine the models in a statistically rigorous manner to obtain the total amount of each resource expected at the 10, 50, and 90 percent exceedance quantiles. Because the statistical distributions in the locations, sizes, and compositions of ore bodies (and asteroids) do not fit simple statistical models, it has proven necessary to utilize Monte Carlo methods to do this combination correctly. For this step, we created a simple Monte Carlo model in FORTRAN that we have named ASTRA1. The code for ASTRA1 is included as appendix 1 of this publication.
As input, we start with the list of known asteroids with Δv less than 7 km/s and absolute magnitude (M H ) brighter than 18, which approximately corresponds to a diameter of 1 km for dark objects. Figure 3 shows the distribution of the brightness of the 428 objects in this list. Because this list may be only 90 percent complete, an additional 43 entries are added with their M H coded as "0". This is our deposit-density model. Cumulative distribution function of absolute magnitude (MH) of the 428 known objects with Δv less than 7 km/s included in this study. The logarithmic fit is used to obtain brightness values for the undiscovered objects also included in this study.
For composition, we rely on the SMASS spectral classification from Binzel and others (2004) and relate spectral class to meteorite group as described in table 1. Of the 428 asteroids listed, 8 are annotated as metal-rich, 16 as carbonaceous, and 76 as stony. The remainder could not be matched to an object in Binzel and others (2004) and were classified as unknown with a numerical code of "0". The input data file is provided as appendix 2 of this publication. We ran 100,000 cases through ASTRA1 to investigate the range of water and metal that might be available in the NEO population. Here, we explain the steps used to generate each of these possible cases.
First, a brightness (M H ) was assigned to each of the 43 potential undiscovered objects. Figure 3 shows the brightness distribution of the 428 known objects and a logarithmic fit to those data. The undiscovered objects are assumed to have the same brightness distribution as the known objects. This is incorrect because the undiscovered objects will be biased toward being fainter than the known objects (since brighter objects are easier to discover). Furthermore, because the survey on large NEOs may be 95 percent complete, we assign each of the potential undiscovered objects a 50 percent chance to not exist. Numerically, this is done by giving a non-existent object an M H of 100, making them far too small to affect subsequent calculations.
Next, for the objects that were not spectrally classified, a composition was assigned randomly with a probability of 39 percent to be stony, 27 percent to be carbonaceous, and 34 percent to be metalrich. These are the proportions found in the broader NEO population reported in Binzel and others (2004) and bias-corrected by Stuart and Binzel (2004) . The bias is significant because spectra are much easier to obtain for the brighter (typically stony) objects. The raw (that is, biased) proportions for the known objects in our list with SMASS spectra are 83 percent stony, 8 percent carbonaceous, and 9 percent metal-rich. Given the relatively small number of objects with SMASS spectra, the magnitude of this bias is unsurprising. However, it is important to note that there are more infrared spectra of asteroids available today than are included in Binzel and others (2004) . A proper assessment of asteroid resources would need to take all those data into account, but the data we use are sufficient to demonstrate the feasibility of the approach we are taking.
In the software, the next step is to calculate the mass of each object. The brightness is converted to diameter using the relationship from Harris and Harris (1997) . There is insufficient data to determine empirical probability distribution functions for the albedos of NEOs. Canonical values for albedo are about 5 percent for carbonaceous objects and about 20 percent for other asteroids. Whereas better information is available for some objects, we simulate uncertainty in these canonical albedo values by varying them by ±50 percent with a simple linear distribution.
Carry (2012) conducted an extensive study of various physical properties of asteroids, including density. The tabulated information for each spectral class is condensed into the three compositions we consider in table 2. In the ASTRA1 program we assume a simple linear distribution between the minimum and maximum densities. An alternative, and possibly more self-consistent, method for estimating density would be to use values obtained for each meteorite class (for example, Consolmagno and others, 2008 but the differences in values are small (nearly 10 percent). From diameter and density, it is straightforward to calculate the mass of each object, assuming that they are spheres. While asteroids are not spherical, the method for calculating diameter gives an effective diameter that results in errors much smaller than the other uncertainties we have already discussed. This completes the tonnage part of the grade-tonnage model. For our grade model, we use the compositional data from Nittler and others (2004) . We consider only whole-rock analyses and are only interested in the metallic iron (FE_M in their tables) and hydrogen concentrations. We multiply the hydrogen concentration by 9 to obtain the mass of water instead of hydrogen. In asteroids, hydrogen may mostly exist in the form of hydroxyl (OH) but we assume the extraction technology will convert this to water (the "waste" product would be oxygenitself a potentially desirable resource, but one we do not examine in this report). Table 3 shows the meteorite classes that were included in each of our composition groups. Figure 4 shows the distribution of metallic iron and water concentrations for each of the three composition groups and the empirical expressions fit to them. In ASTRA1, the metallic iron and water concentration is randomly selected for each object using these mathematical expressions. There remain serious questions about how representative these data are of the compositions of meteorites. Additionally, there are further serious questions about how representative meteorites are of the NEO population. We do not address these issues in this feasibility study.
The final step in ASTRA1 is to sum the amounts of free metallic iron and water in the entire simulated NEO population. To facilitate obtaining statistics, the 100,000 runs are sorted and summaries are output. The results are presented in the next section. Figure 5 shows the probability distribution of water and metallic iron expected based on the parameters discussed above. The information is summarized in table 4. On face value, these results suggest we have assessed the likely amount of resources available in NEOs to about a factor of 4. However, we reiterate that the objective of this study was not to produce an accurate and reliable assessment of NEO resources. As we have discussed, there are major sources of uncertainty that are incorrectly modeled or not included at all. For example, the linkage between spectral classes and meteorite groups is assumed to be perfect when we know it is a gross oversimplification. It is plausible that values presented in table 4 and figure 5 may be off by a factor of a hundred or more.
Discussion
Even given these caveats, it is clear that the amount of useful resources in NEOs is immense when compared to current needs. For example, the International Space Station has a mass of less than 400 tons and the crew of 6 uses about 5 tons of water per year. The numbers in table 4 could sustain a million-fold increase in human activity in space for a million years. Even if the numbers are too large by a factor of a thousand, or even a million, there appears to be a significant amount of useful resources in NEOs.
Of course, one must also consider humanity's ability to extract those resources. Based on the technology that is deployed in space as of this writing, the amount of extractable water and metallic iron in NEOs is known with great certainty to be zero. The immense promise of NEO mineral resources is currently untappable. Unsurprisingly, there are a number of efforts underway to change that.
As resource extraction technology is developed, the actual amount of usable resources in NEOs is likely to increase slowly. For example, if water is extracted by putting an entire asteroid in a plastic bag, the km-scale objects we focused on in this feasibility study would be useless. Instead, the focus would need to be on much smaller objects, perhaps only tens of meters across. Those small objects constitute a miniscule fraction of the volume of all NEOs, but they may be sufficient to enable human space activities for decades or centuries to come.
To be economically viable, processed and delivered asteroid resources would need to cost less than having the same need supplied from Earth. For reference, the cost of platinum on Earth has been about $30,000 per kilogram (kg) in recent years. The cost of water and base metals is trivial on Earth, but transporting them to users in space is expensive. The nearly $200-million Atlas V launch of the Mars Science Laboratory put just over 3,000 kg on a transfer orbit to Mars, suggesting a cost in the ballpark of $50,000/kg for water (or any other resource) to support a human crew traveling to Mars. It is worth emphasizing that the USGS does not assess the technologies or economics of resource extraction. Instead, the USGS assessment supplies the input data for others who examine those types of issues.
None of these issues should detract from the fundamental point of this study. We have successfully demonstrated that the USGS resource assessment methods can be applied to asteroids. The natural next question concerns what is needed to do a proper assessment. Modest improvements can be made by correcting some simplifying assumptions and using additional datasets we did not incorporate into this feasibility study. However, there are key sources of uncertainty that require new fundamental scientific research. We have identified three areas of research that are needed to produce an accurate and reliable assessment of NEO resources.
First, too few NEOs have high-quality spectral observations, especially in the mid-infrared range. This is especially true for the smaller objects that are more likely to be targets for initial resource extraction. At the same time, this feasibility study does not make full use of all the data that are currently available. For example, in the absence of full infrared spectra, even basic albedo data can provide some useful constraints on the composition of an asteroid.
Second, our ability to link spectral classes of asteroids to meteorite samples is tenuous. Returned samples from asteroids are the best way to ground-truth these linkages. However, it is unrealistic to expect returned samples from a statistically significant portion of the NEO population. It is important to support the study of returned samples with spectral classification of meteorites (and analog materials) in realistic settings. This requires laboratory measurements of appropriate materials in vacuum, at a range of temperatures, subjected to the radiation environment in space, and with a range of realistic particle sizes. Even with improved spectral libraries, telescopic observations from Earth will have limited ability to positively identify the composition of the asteroid underneath the weathered surficial layer. Missions that analyze the composition of asteroids at a depth of at least several centimeters are essential. One possible way to accomplish this is a fleet of small spacecraft that insert reusable probes into many locations on multiple asteroids, as suggested by Asphaug and others (2017) .
Finally, attempts to collate the available compositional and mineralogical data for meteorite samples have highlighted important deficiencies in this critical dataset (for example, Nittler and others, 2004) . It is always difficult to compare results from different laboratories using different techniques over the span of many decades. Furthermore, most research on meteorites is focused on specific scientific problems that do not require comprehensive knowledge or data for the entire meteorite-the ratios of a few elements, or even just isotopes of a key element, suffice. Thus, there is a need for systematic and consistent whole-rock and modal-mineralogy analyses of meteorites. WRITE(*,*)'90% chance of exceeding ',OUT(100,1),' Gt of H2O' WRITE(*,*)'50% chance of exceeding ',OUT(500,1),' Gt of H2O' WRITE(*,*)'10% chance of exceeding ',OUT(900,1),' Gt of H2O' WRITE(*,*)'90% chance of exceeding ',OUT(100,2),' Gt of metal' WRITE(*,*)'50% chance of exceeding ',OUT(500,2),' Gt of metal' WRITE(*,*)'10% chance of exceeding ',OUT(900,2),' Gt of metal' 
END

